Zeta-Tubulin Is a Member of a Conserved Tubulin Module and Is a Component of the Centriolar Basal Foot in Multiciliated Cells  by Turk, Erin et al.
ReportZeta-Tubulin Is a Member of a Conserved Tubulin
Module and Is a Component of the Centriolar Basal
Foot in Multiciliated CellsGraphical AbstractHighlightsd Zeta-, epsilon-, and delta-tubulin form an evolutionarily co-
conserved module
d Zeta-tubulin localizes to the basal foot in multiciliated cells
d Zeta-tubulin participates in cytoskeletal organization in
multiciliated cells
d Epsilon-tubulin co-localizes with zeta-tubulin to basal feetTurk et al., 2015, Current Biology 25, 2177–2183
August 17, 2015 ª2015 Elsevier Ltd All rights reserved
http://dx.doi.org/10.1016/j.cub.2015.06.063Authors
Erin Turk, Airon A.Wills, Taejoon Kwon,
Jakub Sedzinski, John B. Wallingford,
Tim Stearns
Correspondence
stearns@stanford.edu
In Brief
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There are six members of the tubulin superfamily
in eukaryotes [1]. Alpha- and beta-tubulin form
a heterodimer that polymerizes to form micro-
tubules, and gamma-tubulin nucleates microtu-
bules as a component of the gamma-tubulin ring
complex. Alpha-, beta-, and gamma-tubulin are
conserved in all eukaryotes. In contrast, delta-
and epsilon-tubulin are conserved in many, but
not all, eukaryotes and are associated with centri-
oles, although their molecular function is unclear
[2–7]. Zeta-tubulin is the sixth and final member
of the tubulin superfamily and is largely uncharac-
terized. We find that zeta-, epsilon-, and delta-
tubulin form an evolutionarily co-conserved
module, the ZED module, that has been lost at
several junctions in eukaryotic evolution and that
zeta- and delta-tubulin are evolutionarily inter-
changeable. Humans lack zeta-tubulin but have
delta-tubulin. In Xenopus multiciliated cells, zeta-
tubulin is a component of the basal foot, a cen-
triolar appendage that connects centrioles to the
apical cytoskeleton, and co-localizes there with
epsilon-tubulin. Depletion of zeta-tubulin results
in disorganization of centriole distribution and
polarity in multiciliated cells. In contrast with mul-
ticiliated cells, zeta-tubulin in cycling cells does
not localize to centrioles and is associated with
the TRiC/CCT cytoplasmic chaperone complex.
We conclude that zeta-tubulin facilitates inter-
actions between the centrioles and the apical
cytoskeleton as a component of the basal foot
in differentiated cells and propose that the ZED
tubulins are important for centriole functionaliza-
tion and orientation of centrioles with respect to
cellular polarity axes.Current Biology 25, 2177–RESULTS
The final member of the tubulin superfamily, zeta-tubulin, was
identified in a recent evolutionary analysis showing that proteins
annotated as zeta-tubulin, ‘‘cryptic tubulin,’’ and eta-tubulin form
a single unique tubulin family [1, 8, 9]. Zeta-tubulins are present
in many genomes but are mostly unannotated or mis-annotated
and essentially uncharacterized. The sole functional analysis
was in Paramecium, in which a zeta-tubulin mutant had defects
in centriole number, rare defects in triplet microtubules, andmis-
localization of gamma-tubulin [9].
Zeta-tubulin is the last member of the tubulin superfamily to be
characterized in vertebrates. We assessed the presence of
zeta-, epsilon-, and delta-tubulin in genomes representing all
known branches of the eukaryote tree. In contrast to the previous
analysis [1], we found a unique pattern of conservation: (1) or-
ganisms that lack epsilon-tubulin always also lack delta- and
zeta-tubulin and (2) organisms that have epsilon-tubulin always
also have delta- and/or zeta-tubulin. Thus, these three tubulin
families form a co-conserved evolutionary module, and we will
refer to these together as the ‘‘ZED module’’ (Table S1). The
entire ZED module has been lost independently in each of the
major eukaryote branches. It is absent in higher fungi but present
in the basal chytrids, it is absent in higher plants but present in
mosses, and it is absent in dipteran insects but present in hyme-
nopterans (Figure 1A).
Within the ZED module, loss of delta- or zeta-tubulin has also
occurred independently; in most cases, delta-tubulin is retained
(Table S1). Zeta-tubulin has been lost independently several
times, including most strikingly between marsupial mammals
and placental mammals (Figure 1A). In vertebrates in which
zeta-tubulin is present, the gene is in a genomic region between
Setd2 and Kif9. Although this locus is rearranged in some verte-
brates lacking zeta-tubulin, in others (e.g., placental mammals)
it remains intact but bears no remnant of zeta-tubulin coding
sequence.
We characterized zeta-tubulin in Xenopus, which has all three
members of the ZED module. Comparison of the tubulins from
Xenopus with those from Chlamydomonas, opossum, and hu-
man confirms that the zeta-tubulins are a unique family, that2183, August 17, 2015 ª2015 Elsevier Ltd All rights reserved 2177
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Figure 1. Zeta-Tubulin Is a Conserved
Tubulin that Associates with TRiC/CCT
(A) Presence or absence of ZEDmodule tubulins in
representative organisms.
(B) Unrooted phylogenetic tree, based on Clustal
Omega alignment.
(C–E) Sucrose gradient sedimentation of zeta-
tubulin from (C) A6 cells, (D) eggs, and (E) whole
oviduct. Lysates were separated on 10%–40%
sucrose gradients and fractions probed for zeta-
tubulin, the TRiC/CCT component CCT2, and
gamma-tubulin. Molecular weights in kilodaltons
(left) and increasing sucrose concentration, left
to right (above), are indicated. The dividing line in
(E) indicates the joint between two membranes,
probed and developed identically.
See also Table S1 and Figure S1.zeta-tubulin is most similar to delta-tubulin, and that the zeta-
tubulin family is the most divergent of the tubulin families
(Figure 1B). Zeta-tubulin mRNA was detectable at low levels in
most adult tissues, with much higher expression in testis (Fig-
ure S1A). We generated an antibody against the C-terminal
20 residues of X. laevis zeta-tubulin that specifically recognizes
a protein of the predicted molecular weight in eggs and A6 cells
(Figure S1B). In both immunoblotting and immunofluorescence,
the signal can be blocked by incubation with the immunizing
peptide (Figures S1C and S1D).
The other ZED module tubulins are associated with the
centriole in animal cells [5, 6], and we tested whether this was
also true of zeta-tubulin. Based on quantitative immunoblotting,
zeta-tubulin is present in low abundance (%0.002% total protein)
in both egg and A6 cells. In A6 cells, zeta-tubulin antibody did not
label centrioles or other microtubule-based structures (Figures
S2B–S2D) and the faint cytoplasmic labeling of zeta-tubulin
could be competed with immunizing peptide. Zeta-tubulin in2178 Current Biology 25, 2177–2183, August 17, 2015 ª2015 Elsevier Ltd All rights reservedA6 cells fractionates with the cytoplasm
(Figure S2A) and sediments as an 20-S
complex (29 S in egg extract); the
zeta-tubulin peak was clearly distinct
from that of the gamma-tubulin ring com-
plex (32 S; Figures 1C and 1D).
To determine the nature of the zeta-
tubulin complex(es), we generated an
A6-derived cell line that stably expresses
GFP-zeta-tubulin at approximately the
same level as endogenous; this also
localized to the cytoplasm (Figure S3B).
GFP-zeta-tubulin was purified by GFP
nanobody affinity [10] and co-purifying
proteins identified bymass spectrometry.
Zeta-tubulin co-purifiedwith all eight sub-
units of the TRiC/CCT chaperone com-
plex and other proteins associated with
TRiC/CCT function (Figure S3A) [11–13].
Consistent with this, endogenous zeta-
tubulin co-sedimented with TRiC/CCT
component CCT2 in both A6 cell and
egg lysates (Figures 1C and 1D). Thus,although zeta-tubulin is expressed in both of these dividing cell
types, it is likely sequestered in TRiC/CCT.
We next tested whether zeta-tubulin might associate with the
specialized centrioles in some differentiated cells. Zeta-tubulin
expression is highest in tissues with motile cilia (Figure S1A)
and is positively regulated by Rfx2, a transcription factor
involved in the differentiation of cells with motile cilia [14].
Xenopus oviduct multiciliated cells have >100motile cilia on their
apical surface, each anchored by a basal body, a specialized
centriole. In oviduct cell lysate, zeta-tubulin did not co-sediment
with TRiC/CCT but rather as a smaller 12.5-S complex
(Figure 1E). To assess localization of zeta-tubulin, dissociated
multiciliated cells from oviduct were stained with zeta-tubulin
antibody. Zeta-tubulin localized primarily to the apical domain
containing the basal bodies (Figure 2A).
In contrast to cycling cell centrioles, basal bodies in multicili-
ated cells have a basal foot, which links the basal body to the
apical cytoskeleton, and a rootlet, which extends from the basal
Figure 2. Zeta-Tubulin Localizes to the
Basal Foot in Multiciliated Cells
(A) Dissociated Xenopusmulticiliated oviduct cells
stained for zeta-tubulin (green), acetylated tubulin
(red), and DAPI (blue). The scale bar represents
5 mm.
(B) Transmission EM of oviduct tissue stained with
zeta-tubulin antibody and 10-nm gold-conjugated
secondary antibody. Arrowheads indicate the
basal body, and arrows indicate labeling of the
basal foot. The scale bars represent 100 nm.
(C) Confocal image of live tadpole epidermal
multiciliated cell expressing GFP-zeta-tubulin
(green), CLAMP-RFP (red), and centrin-BFP (blue).
The arrow shows the direction of ciliary beating.
The scale bar represents 5 mm.
(D) Confocal image of live tadpole epidermal mul-
ticiliated cell expressing EMTB-3XGFP (green),
mCherry-zeta-tubulin (red), and centrin-BFP
(blue). The arrow shows the direction of ciliary
beating. The scale bar represents 5 mm.
See also Figures S2 and S3.body into the apical cytoplasm [15–18]. Immunoelectron micro-
scopy of oviduct multiciliated cells showed that zeta-tubulin
localized specifically to the distal end of the basal foot (Figures
2B and S2E).We determined the localization of GFP-zeta-tubulin
in vivo relative to centrin-BFP (basal body) and CLAMP-RFP
(rootlet) in the multiciliated cells of the tadpole epidermis. In
these cells, the rootlet points in the opposite direction from the
basal foot when viewed down the basal body axis [19]. Zeta-
tubulin localized to foci in the apical cytoplasm adjacent to the
centrin foci marking the basal body axis and opposite the rootlet,
consistent with localization to the basal foot (Figure 2C). The
basal foot interactswith corticalmicrotubules inmulticiliated cells
[16, 18]. Microtubules labeled by EMTB-3XGFP, themicrotubule-
binding domain of ensconsin, intersected the zeta-tubulin foci
(Figure 2D). Thus, we conclude that zeta-tubulin associates
with the distal end of the basal foot in multiciliated epithelial cells.
In multiciliated cells, basal bodies are polarized with respect
to tissue axes such that ciliary beating generates directional fluidCurrent Biology 25, 2177–2183, August 17, 2015 ªflow. This polarity is established and
refined via the planar cell polarity pathway
and fluid flow [20, 21]. Uniform spacing
anddirectional orientation of basal bodies
is mediated by the microtubule and actin
cytoskeletal networks [22], which interact
with the basal foot [16–18]. Disruption of
the basal foot causes loss of ciliary polar-
ity and uneven spacing of basal bodies
[23]. To test whether zeta-tubulin is
involved in this process, we depleted
zeta-tubulin in Xenopus embryos using
translation- (MO1) and splice-blocking
(MO2) morpholinos. Both morpholinos
reduced zeta-tubulin protein and RNA
levels in injected embryos (hereafter mor-
phants; Figures S4A–S4C).
The effect of zeta-tubulin depletionwas
assessed by co-expressing fluorescentlytagged CLAMP and centrin and examining tadpole epidermal
multiciliated cells after basal body orientation is established
(stages 31–34) [20]. Basal bodies and cilia still formed in zeta-
tubulin morphant cells, although the number of cilia per cell
was reduced and the cilia beat with reduced metachronal fidelity
(Figures S4D and S4E; Movies S1 and S2). Most strikingly, zeta-
tubulin depletion caused disruption of basal body distribution
and orientation (Figure 3A). Quantification of basal body orienta-
tion as assessed by angle of the rootlet with respect to the body
axis revealed that themean directionality (the average of all basal
body/rootlet vectors within a cell) was unaffected (Figure 3B).
However, the uniformity of basal body orientation was signifi-
cantly reduced in morphants (Figure 3C). This is consistent
with a previous report of the phenotype of basal foot disruption
[23], which noted basal body disorientation and defective
metachronal beat. The basal foot is not completely absent in
zeta-tubulin morphants, as the core basal foot component
ODF2 [23] was still present on basal bodies (Figure S4F). We2015 Elsevier Ltd All rights reserved 2179
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Figure 3. Zeta-Tubulin Depletion Disrupts Basal Body Orientation and Spacing
(A) Tadpole epidermal multiciliated cells in morphant and control embryos co-expressing CLAMP-GFP (green) and centrin-(RFP or BFP) (red). Clumps of basal
bodies are indicated by arrowheads and insets. The scale bars represent 5 mm.
(B) Quantification of mean rootlet angle from experiments as in (A). Each arrow represents one cell, where length indicates uniformity of rootlet angles in that cell.
Mean cellular rootlet orientation was statistically similar between morphants and controls (mean vector angle 64.4 in controls and 74.8 in morphants;
Watson-Williams). The number of cells counted is as in (C).
(C) Vector length of plots shown in (B) is significantly reduced in morphants (***p < 0.0001; Mann-Whitney). n indicates number of cells counted, with total number
of embryos in parentheses. Error bars represent the SEM.
(D and E) Quantification of basal body clumping phenotype from experiments as in (A). n indicates the number of cells counted, with total number of embryos in
parentheses (shown in E). (D) The distance between each basal body and its nearest neighbor is shown as average percentage of binned nearest neighbor
distances for each condition. (E) Mean distance between basal bodies is shown; this is significantly reduced in morphants (***p < 0.0001; Mann-Whitney). In (E),
error bars represent the SEM.
See also Figure S4.conclude that zeta-tubulin, functioning at the basal foot, is
important for intracellular basal body orientation; this phenotype
might be enhanced by defective flow over the embryo.
Zeta-tubulin depletion also caused striking defects in basal
body distribution. In control embryos, basal bodies are evenly
distributed in the apical domain of multiciliated cells, but in mor-
phants, basal bodies were frequently clumped (Figure 3A, arrow-
heads), displaying a significant reduction in the mean distance
between each basal body and its nearest neighbor (Figures 3D2180 Current Biology 25, 2177–2183, August 17, 2015 ª2015 Elsevieand 3E). This phenotype was similar to that caused by actin
depolymerization [22].
The basal body orientation and distribution defects suggested
that the interaction of basal bodies with the apical actin and
microtubule networks might be defective in zeta-tubulin mor-
phants. Microtubules in control embryos, visualized by expres-
sion of EMTB-3XGFP, formed a dense apical meshwork linking
adjacent basal bodies (Figure 4A; see also Figure 2D). Microtu-
bules in morphant embryos still appeared to link basal bodies,r Ltd All rights reserved
Centrin
MergeEMTB-3XGFP
0 ng MO Zeta MO1A
0 
ng
 M
O
Ze
ta
 M
O
1
Projection Apical Slice Apical Inset Subapical Slice
Centrin
Phalloidin
B
C
GFP Centrin Merge DAPI
D
GFP-epsilon-tubulin Merge
mCherry-zeta-tubulin
Multiciliated Cell Centrin-BFP
Figure 4. Zeta-Tubulin Function and ZED
Tubulin Localization
(A) Microtubule organization in tadpole epidermal
multiciliated cells visualized by co-expressing
EMTB-3XGFP (green) and centrin-RFP (red). The
scale bars represent 5 mm.
(B) Tadpole epidermal multiciliated cells express-
ing centrin-BFP (white) fixed and stained with
Alexa Fluor 568 phalloidin (red). Apical actin (apical
inset) and subapical foci (subapical slice; 1.2 mm
below the apical section) are shown. The scale
bars represent 5 mm.
(C) Tadpole epidermal multiciliated cell expressing
GFP-epsilon-tubulin (green), mCherry-zeta-
tubulin (red), and centrin-BFP (blue). The scale bar
represents 5 mm.
(D) Mouse tracheal epithelial cell cultures infected
with GFP-zeta-tubulin-expressing lentivirus and
stained for GFP (green), centrin (red), and DAPI
(blue). x-z projections (below) show a slice through
the area marked by the white rectangle. The scale
bar represents 5 mm.
See also Figures S3 and S4.although the distribution of these basal bodies was defective
(Figure 4A). Actin filaments in control embryos, visualized by
phalloidin staining, formed an apical mesh surrounding each
basal body and subapical foci linking adjacent basal bodies, as
described [22]. Both the apical and subapical actin networks
were disrupted in morphants (Figure 4B). Morphant cells had
fewer subapical foci, and the annular aspect of the apical actin
network was less defined (Figures 4B and S4G). Phalloidin
labeling intensity was also reduced in zeta-tubulin morphant
cells compared to neighboring uninjected cells in mosaic em-
bryos [24], but not in those injected with a mismatch morpholino
based on MO2 (MM-MO2) (Figures S4H and S4I). Thus, deple-
tion of zeta-tubulin disrupts the actin cytoskeleton associated
with basal bodies.Current Biology 25, 2177–2183, August 17, 2015 ªGiven the co-conservation of zeta-
and epsilon-tubulin, we tested whether
epsilon-tubulin might also localize to the
basal foot in multiciliated cells. Xenopus
embryos were injected with mRNAs for
mCherry-zeta and GFP-epsilon-tubulin.
In tadpole epidermal multiciliated cells,
the foci of epsilon- and zeta-tubulin co-
localized adjacent to the centrin foci
marking basal bodies, consistent with a
model in which these ZED tubulins act
together (Figure 4C).
Multiciliated cells are a conserved
feature of all vertebrates [25], yet some
vertebrates, including human, lack zeta-
tubulin but retain delta-tubulin. Given
this relationship, and that delta- and
zeta-tubulin are more similar to each
other than other tubulins, we considered
whether zeta-tubulin might be recognized
even in contexts where it is naturally ab-
sent. To test this, we expressed XenopusGFP-zeta-tubulin in cultured multiciliated cells derived from
mice, which lack zeta-tubulin. Remarkably, Xenopus GFP-
zeta-tubulin localized to basal bodies in these cells (Figures 4D
and S3C), presumably reflecting conservation of ZED tubulin
interactions.
DISCUSSION
We have identified the co-conserved ZED tubulin module and
characterized zeta-tubulin, the final member of the tubulin
superfamily and the last studied in vertebrates. Zeta-tubulin
is expressed in cycling and differentiated cells, is restricted to
TRiC/CCT in cycling cells, but is a functionally important com-
ponent of the basal foot in multiciliated cells. As for other basal2015 Elsevier Ltd All rights reserved 2181
foot proteins, depletion of zeta-tubulin causes defects in the
orientation and distribution of basal bodies and disorganization
of associated cytoskeletal elements. The basal foot of basal
bodies and the subdistal appendages of centrioles are structur-
ally and functionally analogous; they have common compo-
nents (e.g., ODF2) [23, 26] and they link to the cytoskeletal
network. Epsilon-tubulin ([7] and here) and gamma-tubulin
[27, 28] also localize to both structures. The localization of
delta-tubulin is less clear [5, 6], but the apparent evolutionary
interchangeability of delta- and zeta-tubulin may reflect a func-
tional overlap between these two tubulins. We propose that the
ZED tubulin module is an essential component of such append-
ages, which orient centrioles with respect to cellular polarity
axes. Organisms without the ZED module either lack centrioles
or have centrioles that lack such appendages (e.g., C. elegans
and D. melanogaster). Most single-celled ciliated organisms
have the ZED tubulin module (Table S1) and have basal body
appendages that are functionally analogous to those in verte-
brates [29, 30]. Disruption of ZED tubulins in these organisms
results in significant cytoskeletal defects, consistent with the
ZED tubulins having a conserved role in basal body-cytoskel-
eton interactions [31, 32]. For example, disruption of epsilon-
tubulin in Tetrahymena resulted in defective orientation and
spacing of basal bodies [33], similar to depletion of zeta-tubulin
in Xenopus.
We did not observe a strong defect in centriole number asso-
ciated with zeta-tubulin depletion, in contrast to previous reports
for the ZED tubulins [7, 9, 31–33]. The evolutionary conservation
of the ZEDmodule clearly indicates that these tubulins cannot be
absolutely required for centriole formation, because organisms
such as Drosophila have centrioles but lack all ZED tubulins
[34]. It is possible that, in some contexts, ZED appendages
are required for centriole stability rather than duplication per se
or that vertebrate zeta-tubulin has become specialized for multi-
ciliated cells that do not have this requirement. Also, we note
that a basal body attached to a motile cilium is subjected to
forces not experienced by those without and that the importance
of the ZED tubulins to centriole orientation and/or stability might
differ by context. Lastly, we have not determined a molecular
mechanism for the function of the ZED tubulins at centriole
appendages. Because the characterized tubulin superfamily
members all interact with each other in microtubule structures,
it is tempting to speculate that the ZED tubulins similarly function
by interaction with each other and/or other tubulins at the
intersection of appendage and cytoskeleton. Deletion of ZED
tubulin genes from vertebrates, and further characterization
of the ZED tubulin proteins, will be needed to resolve these
questions.
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